Introduction
The D2S44 (YNH24) minisatellite 1 is located at 2q21.3-q22 border 2 close to the centromere on the long arm of the human chromosome 2. This location is not far from the fusion region at 2q13 3 of two ancestor primate chromosomes. 4 Population analysis of the D2S44 restriction fragment length polymorphism reveals a characteristic bimodal fragment size distribution, particularly in Caucasian populations. Cleaved with HinfI the two most frequent fragment sizes are 2.8 and 4.1 kbp. A bimodal fragment distribution is obtained with various enzymes and can therefore not be caused by restriction site polymorphism, but must rather be due to differences between the alleles in the two size groups. Detailed studies of individual minisatellite alleles have been undertaken using PCRprimers that recognise minute variations in the core sequences. [5] [6] [7] [8] [9] Such an analysis named minisatellite variant repeat mapping by PCR (MVR-PCR) can accordingly be used to reveal the internal order of different repeats in individual alleles. 6 In most minisatellites the variation in the internal repeat order is focused at one end of the repeat array, MS31 (D7S21) 10 , MS32 (D1S8) 5, 6 and MS205 (D16S309), 7 so called polarisation. However, both the CEB1 (D2S90) 9 and MS621 (D5S110) 11 minisatellites show no such polarisation. By MVR-mapping it has been established that most de novo mutations are found at the highly polymorphic end of the repeat array. MVR-PCR mapping has extensively been used for detailed studies of minisatellite mutation mechanisms. These studies include spontaneous mutations, 12 mutations induced by radiation 13 as well as mutations in minisatellites inserted into yeast chromosomes.
14 MVR-PCR analysis of the minisatellite MS205 in population studies has also been used to support further the human African origin. 8 We have earlier shown that the 2 kbp D2S44 sequence in pYNH24 consists of a central array of repeated core sequences flanked at the 5' end by a nucleotide sequence with degenerate repeats whilst the 3' end contains a nonrepetitive unique nucleotide sequence. 15 This was shown by a partial digestion with the restriction enzyme RsaI that cleaves once in every core sequence. Partial digestion analysis revealed only the number of repeats, which is too little information for comparison of individual alleles. To get further information, we therefore determined the nucleotide sequence variation in the 31 bp core sequence published earlier 1 by cloning and sequencing a 2.25 kbp HinfI allele, containing 14 consecutive RsaI sites. Variation in the core sequence is the prerequisite for an MVR-PCR analysis.
The frequency distribution of the D2S44 fragments into two groups suggests that the polymorphism of this minisatellite could originate from a duplication or a deletion of a certain section of the repeat array. It has been shown that the distribution of fragments into these two groups can vary between populations. For example the frequency of fragments between 2.7 and 2.9 kbp is in Caucasians 0.119 and the frequency of fragments between 4.0 and 4.3 kbp is 0.156, whilst in US Blacks these frequencies are 0.065 and 0.051 respectively. 16 According to this the duplication/deletion must have arisen early in human evolution or the two size groups might originate from different ancestor alleles. To compare the alleles belonging to the 2.8 kbp group with those belonging to the 4.1 kbp group we have analysed 49 D2S44 alleles, including pYNH24, from a Caucasian population by MVR-PCR.
Materials and Methods

Sequence Analysis of a 2.25 kbp HinfI D2S44 Allele
To determine the nucleotide variation in the D2S44 core sequence a 2.25 kbp allele was amplified using the YNH24 specific primers described earlier. 15 A PstI site was introduced into a tail of the 3'-primer to perform a directional forced ligation of fragments of different lengths. The amplified allele was digested with PstI, partially with RsaI and ligated into the phagemid SK + (Stratagene) cleaved with PstI and HindII. The ligates were transformed into the E. coli strain XL1-Blue (Stratagene). Clones were selected by PCR using a YNH24 specific 3'-flanking primer together with a vector specific primer. D2S44 inserts of various lengths were sequenced using the Amersham kit for cycle sequencing with fluorescent labelled primers. Automated sequencing was performed on an ALF DNA Sequencer.
MVR-PCR
MVR-PCR analysis of the D2S44 sequence in pYNH24 was done directly on plasmid DNA. Forty-eight genomic D2S44 alleles, with sizes from 1.45 kbp to 6.95 kbp when cleaved with HinfI, were amplified and separated by agarose-gel electrophoresis as previously described. 15 Gel-slices with the PCR products were cut out, crushed and the DNA eluted into 100 µl of water. Five µl of each of the DNA eluates was used for MVR analysis with the repeat specific primers #1, #2 and #3 (Table 1) in three separate reactions. The MVR-PCR reactions were set up with 25 pmol of the universal primer together with 20 pmol of one of the repeat-specific primers and 100 pmol of the TAG-primer. The amplification mixture and amplification programme were in essence as earlier described. 15 The MVR fragments were analysed in a 3% Hydrolink gel (FMC) on an ALF DNA Sequencer. Long D2S44 alleles were analysed from both the 3'-and the 5'-directions.
Expected number of repeated core sequences
To estimate the expected number of repeated core sequences the 49 alleles were analysed by Southern blotting after 19 The mean length difference between HinfI and HaeIII fragments was 1150 bp. The number of bases in the sequenced 2.25 kbp allele from the HaeIII site to the beginning of the repeats at the 5' end was 86 bp, and 495 bp at the 3' end. Assuming identity in flanking sequences, since no HinfI or HaeIII restriction site polymorphism was found, we estimated the number of repeats by subtracting 1731 bp (sum of 1150 + 86 + 495 bp) from the HinfI fragment length and divided the result by 31, the number of nucleotides in the published core sequence. 1 The HinfI-size of the pYNH24 allele was obtained from Southern blot analysis of the YNH24 40 kbp cosmid DNA.
Allele Alignment
To align alleles objectively we used the 'Automatic multiple sequence alignment' in the DNASIS software (Hitachi Software Engineering Europe SA) originally designed for the comparison of primary DNA sequences. As we had four different repeats, #1, #2, #3 and an unknown x (see results), DNASIS could easily be used by renaming the repeats to A, C, G and T respectively. In some of the very long alleles we were not able to analyse the whole repeat array as estimated from the HinfI fragment length. The number of repeats missed in these alleles were called N, assuming that any of the ACGTs could be present. Due to limitations in the DNASIS program we could only align 30 of the alleles. These alleles were picked at random and alignment was done using the default parameters given in the software. Repeat motif similarities were also found by visual inspection and the repeat order motifs shared between the 49 alleles are illustrated with colours.
Results and Discussion
Nucleotide Variation in the Core Sequence
Clones with inserts of various lengths were sequenced and combined to give the sequence of the complete repeat array and 525 bp of the 3'-flanking sequence in the 2.25 kbp allele (EMBL accession # AJ001534). The first 22 bases at the 5'-end of the core sequence is identical in all repeats, 5'-CAGGAGCAGTGG-GAAGTACAGT… -3'. However, at the 3'-end small differences in the number of Gs and Ts were found: …(G) 5 TGTT (repeat #1), …(G) 4 TTGTT (repeat #2) and …(G) 4 TGTT (repeat #3) ( Table 2 ). Repeat #2 is identical to the sequence given by Nakamura et al. 1 All directions given refer to the G-rich strand in the pUC18 D2S44 sequence. 15 
MVR-PCR Analysis
The specificity of the three repeat primers was confirmed by comparing the MVR results of the D2S44 sequence in pYNH24 with the nucleotide sequence kindly provided by Kishida et al 17 and the MVR results of the 2.25 kbp allele with the sequence given in accession # AJ001534. The MVR results were in complete agreement with the respective nucleotide sequences.
MVR-analysis of D2S44 alleles with the three repeat primers, a so-called three-state MVR-PCR, revealed a fourth unknown core sequence here called x. The MVR analysis thus gave results comparable to a four-state MVR. However, the x variant has not been sequenced and we can therefore not be sure that this repeat is always the same. When analysing the alleles on the ALF sequencer we were able to read 35-45 repeats. Applying MVR analysis from both directions, 3'-and 5'-MVR, made it possible to analyse up to 90 repeats (2700 bp). The number of repeats in each allele agreed very well with the estimated number, differing by only one or two (Figure 1 ). This small discrepancy in number is most probably due to the limited resolution in restriction fragment length analysis, 18 or to false annealing to degenerate repeats at the 5' end of the alleles. When analysing long alleles containing more than 90 repeats we were not always able to read through the whole repeat array. In these cases we have left a gap in the repeat arrays which corresponds to the number of repeats not identified. The very short allele of 1452 bp, found only once in a mother-child pair, seems to be the product of a mutation event since subtraction of the 1750 flanking bases would give a negative value. This allele was primarily only detected by PCR amplification, extended exposure after hybridisation revealed the HinfI fragment. In the very long 6953 bp allele, with 168 estimated repeats, we were able to analyse 110 repeats when combining the 66 3' repeats and the 44 5' repeats. In this allele we found a 24 repeat long overlap (green motif, Figure 1 ) between the 3'-and 5'-repeat arrays. If this array is present only once in the allele the total repeat array would contain only 86 repeats, ie 58 repeats less than the estimated number. Most probably there is a gap of 58 repeats since neither the difference between the HinfI and HaeIII sizes nor the amplified allele length deviate from expected values.
Repeat Order Motifs in Different Alleles
The result from the alignment of 30 randomly selected alleles is shown as a phylogenetic tree in Figure 2 . Three clusters (green, red and yellow) with closely related alleles were found. In two of these clusters, the green and the red, the alleles have more than 50% similar repeat orders. The third yellow cluster contains alleles with a more than a 40% match. The alleles in the green cluster share the motif shown by the green colour in Figure 1 . The alleles in the red group share the red motif, and the in the yellow group the alleles share the more complex yellow-blue-lilac motifs. The repeat order in the green alleles differs by 65% from the repeat orders in the other two clusters, and the repeat orders in the red and the yellow clusters differ from each other by 63%. Similar clusters were found when aligning different combinations of the 49 alleles analysed.
D2S44 shows the same kind of a highly polarised variation found in most other minisatellites. [5] [6] [7] 10 The conserved repeat order motifs were always found at the 3' end of the alleles, whilst the 5' end was highly variable. In contrast to all other minisatellites studied 5-11 the repeat order was highly correlated to the allele length. More than half of the allele length in the red alleles consists of the conserved red motif. Slightly less than half of the green alleles consists of the green motif and in the yellow alleles less than one fourth of the total length is represented by the yellow motif. However, together with the blue and lilac motifs about half of the yellow alleles consists of a conserved motif. The red motif (up to 26 repeats long) and the yellow motif (13 repeats) are the most conserved ones, followed by the green motif (up to 37 repeats), whilst the shorter blue and lilac motifs (15 and 19 repeats respectively) vary more and are often combined with the yellow motif. In long alleles a few less conserved motifs were also present at the 5' end (orange and light blue). Small (up to 2.55 kbp) and very large alleles (6.95 kbp), found at low frequencies in the population, seem to be products of mutation events since they consist of only a part of a conserved motif or a fusion between, or duplication of, different motifs. Further aspects of the evolution of D2S44 alleles will be revealed by studies of de novo mutations (manuscript in preparation).
Repeat Order Motifs in Comparison with the Bimodal Fragment Size Distribution
The MVR-PCR results of D2S44 alleles belonging to the two groups of fragment sizes in the bimodal frequency distribution show that the alleles in the two groups must have arisen from different ancestor alleles. The differences found between the red, green and yellow allele clusters cannot have evolved from an early deletion or duplication in a common ancestor allele. Instead, the polymorphism of the D2S44 locus most probably descends from small alterations in the length of three different ancestor alleles of which one (red motif) has given rise to the alleles in the group around 2.8 kbp and two others (green and yellow-blue-lilac) have evolved into the alleles in the group around 4.1 kbp (Figure 3 ). These ancestor alleles might be older than the fusion of the two primate chromosomes that gave chromosome number 2 of the modern human. 3, 4 This theory could be confirmed by MVR-PCR analysis of D2S44 alleles in different human populations in particular of African origin and also by analysis of D2S44 in higher primates. Such studies are in progress and will be presented separately. 
